Mammalian reproduction requires gonadotropin-releasing hormone (GnRH)-mediated signaling from brain neurons to pituitary gonadotropes. Because the pulses of released GnRH vary greatly in amplitude, we studied the biosynthetic response of the gonadotrope to varying GnRH concentrations, focusing on extracellular-regulated kinase (ERK) phosphorylation and egr1 mRNA and protein production. The overall average level of ERK activation in populations of cells increased non-cooperatively with increasing GnRH and did not show evidence of either ultrasensitivity or bistability. However, automated image analysis of single-cell responses showed that whereas individual gonadotropes exhibited two response states, inactive and active, both the probability of activation and the average response in activated cells increased with increasing GnRH concentration. These data indicate a hybrid single-cell response having both digital (switch-like) and analog (graded) features. Mathematical modeling suggests that the hybrid response can be explained by indirect thresholding of ERK activation resulting from the distributed structure of the GnRH-modulated network. The hybrid response mechanism improves the reliability of noisy reproductive signal transmission from the brain to the pituitary.
Mammalian reproduction and the survival of a species rely on a precise orchestration of temporally and spatially distributed molecular events. The control of reproduction represents a difficult engineering problem, because noisy molecular processes within cells that occur on time scales of minutes must regulate brain, pituitary, and gonadal activity in a process with an overall periodicity of days to weeks, depending on the species. At the center of this coordinated reproductive activity lies the pituitary gonadotrope, which converts hormone signals secreted by the brain into the biosynthesis and secretion of pituitary hormones controlling gonadal responses.
The hypothalamus secretes discrete pulses of gonadotropinreleasing hormone (GnRH) 2 (for a review, see Refs. 1-3). GnRH interacts with high affinity GnRH receptors on the gonadotrope membrane to modulate the biosynthesis and release of the gonadotropins luteinizing hormone and follicle-stimulating hormone (4 -6) . The function of the reproductive axis depends on appropriate responses of the gonadotrope to GnRH despite the high interpulse variability in the amplitude of GnRH secreted by the brain (3, (7) (8) (9) (10) (11) (12) . Elucidating the mechanisms underlying the response of the gonadotrope to varying concentrations of GnRH is important for understanding the design principles of this key response locus for mammalian physiology.
GnRH directs two distinguishable gonadotrope activities, the biosynthesis of gonadotropins and their secretion. We focus here on the biosynthetic response. The GnRH receptor is a heptahelical G protein-coupled receptor that modulates a signaling network leading to activation of protein kinases and regulation of both transcription and translation (13) . The gene network responses include both primary genes, which are activated within the first 1 h of GnRH receptor activation by preformed transcription factors, secondary genes activated within the first 2 h and which require new protein synthesis, and tertiary genes, including gonadotropin subunits, that are induced after hours to days (13) (14) (15) (16) .
The induction of Egr1, a zinc finger-containing transcription factor, represents an early biochemical response to GnRH that is necessary for reproductive competency. Egr-1 is induced rapidly after GnRH stimulation of gonadotropes and is necessary for induction of the tertiary luteinizing hormone ␤ subunit gene (14, (17) (18) (19) (20) (21) (22) . The ablation of the egr1 gene in mice prevents luteinizing hormone synthesis and leads to infertility (23, 24) .
The induction of Egr-1 is mediated by extracellular signalregulated kinase (ERK) (13, 25, 26) . ERK, which is activated by the addition of two phosphate groups on a Tyr and a Thr, is a GnRH-regulated mitogen-activated protein kinase (MAPK). Like all MAPKs, ERK is the final member of a triad of sequential kinases, referred to generically as MAP kinase kinase and MAP kinase kinase kinase. The signaling mediator between the * This research was supported by National Institutes of Health Grant GnRH receptor and the MAP kinase kinase kinase in the gonadotrope has not been identified.
Biochemical studies of cell signaling and gene regulation assay large populations of cells and quantify the average responses observed. Since the response at the level of the single cell may be heterogeneous, there is increasing interest in characterizing signaling and gene regulation within single cells (27) (28) (29) (30) (31) . In order to facilitate the accurate quantification of signaling and gene responses in a large number of cells and to determine the underlying distributions and mechanisms, we developed and validated an approach based on histological assays and automated image segmentation and feature extraction (32) .
The pituitary gonadotrope provides a physiologically important system in which to investigate the mechanisms underlying the response to varying concentrations of GnRH at the level of the MAPK ERK, egr1 gene induction, and Egr1 protein synthesis. We found that ERK phosphorylation, egr1 mRNA, and Egr1 protein induction followed a mixed analog/digital hybrid pattern of single-cell responses. Mathematical simulations undertaken to reconcile the average cell and single-cell data obtained suggest a unique mechanism of cross-talk between diverging GnRH-regulated signaling pathways.
EXPERIMENTAL PROCEDURES
Cell Culture-L␤T2 cells obtained from Prof. Pamela Mellon (University of California, San Diego, CA) were maintained at 37°C/5% CO 2 in humidified air in phenol red-free Dulbecco's modified Eagle's medium (Mediatech, Herndon, VA) supplemented with 10% fetal bovine serum (Gemini, Calabasas, CA) and L-glutamine. For histological assays, 200,000 cells were seeded on poly-D-lysine-pretreated glass coverslips (number 1.5, 18 ϫ 18 mm; Fisher) in 6-well plates. Cells were synchronized in 0.5% charcoal-treated fetal bovine serum, L-glutamine, and 25 mM Hepes.
Viability Assay-Live/dead assay (L-3224; Molecular Probes, Inc., Eugene, OR) was performed according to the manufacturer's instructions. Permeabilization with 0.1% saponin (Sigma) was used as a positive control. For trypan blue staining (catalog number 15250-061; Invitrogen), cells were resuspended in phosphate-buffered saline with 10% dye suspension and counted in a hemocytometer.
Immunohistochemistry-GnRH diluted in Dulbecco's modified Eagle's medium with 0.5% charcoal-treated fetal bovine serum, L-glutamine, and 25 mM Hepes was added at 0, 4, 20, or 100 nM to synchronized cells (5 min for MEK and ERK, 60 min for Egr1). After 4% formaldehyde (ultrapure EM grade; Polysciences) for 30 min at room temperature, permeabilization in 0.2% Triton, 1ϫ phosphate-buffered saline (Triton; Sigma) for 10 min at room temperature, and quenching in 50 mM NH 4 Cl (Sigma) for 5 min at room temperature, blocking was performed in phosphate-buffered saline, 0.1% Tween, 5% bovine serum albumin (Roche Applied Science) for 1 h at room temperature. Primary antibody (1:1000) was added and incubated overnight at 4°C. Secondary fluorophore-coupled antibody was added (1:1000) for 2 h at room temperature. After washing and 4Ј,6Ј-diamidino-2-phenylindole (DAPI; 0.1 g/ml; Sigma) counterstaining, coverslips were mounted in Prolong Gold Antifade reagent (Molecular Probes). The antibodies used were anti-Egr1 (catalog number sc-110; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-actin (Santa Cruz Biotechnology), anti-phospho-p42-p44 MAPK (catalog number 9106S; Cell Signaling), anti-MEK1/2 (catalog number 9122; Cell Signaling), anti-ERK1/2 (catalog number 9102; Cell Signaling), anti-phospho-MEK1/2 (catalog number 9121S; Cell Signaling), anti-p21 Waf1/Cip1 (BIOSOURCE), and secondary antibodies coupled to Alexa 488 or Alexa 568 (Molecular Probes). Egr-1-blocking peptide was from Santa Cruz Biotechnology (sc-110P). MEK inhibitor PD98059 was used at 50 M for 30 min before GnRH exposure.
In Situ Hybridization-Fixation was identical to that for immunohistochemistry except for the use of 0.1% Triton, 1ϫ phosphate-buffered saline. Cells were prehybridized in 4ϫ saline sodium citrate, 50% formamide, tRNA, unlabeled scrambled oligonucleotide, salmon sperm, and diethyl pyrocarbonate-treated water for 1 h at room temperature then incubated with 60 ng of the specific labeled oligonucleotide probe for 2 h at 37°C. After washing with 2ϫ saline sodium citrate at 52°C on a water bath, cells were counterstained with DAPI before mounting with Prolong Gold Antifade reagent. The in situ hybridization probes were designed, synthesized, and labeled as described elsewhere (33, 34) . Each 50-mer probe contained five amino-modified thymidine residues (Amino-Modifier C6 dT phosphoramidite; Glen Research, Sterling, VA) for the chemical conjugation with activated succinimidyl ester Alexa fluorophores (Molecular Probes). Probe sequences and modification sites are listed in supplemental Table 2 .
Fluorescent Microscopy and Data Analysis-A Zeiss LSM510-META inverted confocal laser-scanning microscope was used for confocal imaging. Imaging was achieved using a ϫ40/1.3 numerical aperture, or ϫ63/1.3 numerical aperture or ϫ100/ 1.3 numerical aperture oil immersion objective. The blue diode laser of 405 nm with band pass emission filters of 420 -480 nm was used for DAPI visualization. The HeNe laser of 543 nm was used for excitation of Alexa 568 and detected with a 570-nm long pass filter. The argon laser of 488 nm was used for the excitation of Alexa 488 and detected with a 515-540-nm band pass filter.
Epifluorescence microscopy used an Olympus BX-60 microscope coupled with a BX-FLA reflected light fluorescence attachment and a CCD-based image analysis system. Each image field was captured as a digital image using the SPOT Advanced system (Diagnostic Instruments, Sterling Heights, MI). For triple-and double-labeled coverslips, images were captured sequentially and then merged in the SPOT Advanced program with Alexa 488 as the green panel, Alexa 568 as the red panel, and DAPI as the blue panel. The image was set to a pixel dimension of 1,520 Å ϳ 1,080 at a size of 21 Å ϳ 15 inches in color RGB mode. The digital images were transferred to a Macintosh PC and reduced bicubically in Adobe Photoshop 7.0. The exposure settings were determined empirically for each channel from control background and unchanged within an experiment. At least 10 images of nonoverlapping areas with 50 -400 cells were assayed for each condition in each experiment.
Automated Image Quantification and Data Processing-Digital images were analyzed in a custom automated image analysis suite called 3D-CatFISH (32, 35) . First, the cell nuclei were seg-mented using DAPI with the enhanced three-dimensional watershed algorithm (36) followed by model-based object merging (37) . Then a desired region of interest was defined based on geometric distance for each segmented nucleus, and specific signals were quantified in the nucleus and cytoplasm. The threshold was determined from values obtained for the vehicle-treated slides and maintained without changes for all of the other slides of each independent experiment. Each image was visually inspected for possible segmentation errors. Nuclear and cytoplasmic features such as volume, intensity, shape, and signal level were output for subsequent analysis. The lowest individual fluorescence levels were used to normalize across coverslips within each experiment and analyzed in Matlab using the Savitzky-Golay function (38, 39) and the curvefitting toolbox.
Quantitative Real Time PCR-For quantitative real time PCR experiments, cells were seeded in 12-well plates at 750,000 cells/well. The medium was replaced 24 h later with Dulbecco's modified Eagle's medium containing 25 mM HEPES (Mediatech), 10% charcoal-treated fetal bovine serum (HyClone Laboratories, Inc., Logan, UT), and glutamine. On the next day, the cells were treated with the indicated concentrations of GnRH or vehicle and were returned to the CO 2 incubator for the indicated time of incubation (40 min), at which point the medium was replaced with 360 l of lysis buffer (4 M guanidinium thiocyanate, 25 mM sodium citrate (pH 7.0), 0.5% N-lauroyl-sarcosine, and 0.1 M 2-mercaptoethanol). RNA was isolated according to the method of Chomczynski and Sacchi (40) . Total RNA was isolated with the StrataPrep96 kit (Stratagene, La Jolla, CA). After reverse transcription of 0.5 g of RNA, the samples were diluted 1:20 in distilled H 2 O. Later, SYBR green quantitative real time PCR assays were performed (40 cycles) using 5 l of cDNA template and 5 l of master mix containing the specific primers for the targeted gene and the required quantitative real time PCR buffers. The results were exported as Ct values for subsequent analysis. From the six replicates of each condition, the mean, S.D., and -fold changes to vehicle treatment were estimated and normalized to ␤-actin. The relative copy number of cDNA per assay was determined by running a standard curve with the PCR product for the specific gene.
Immunoblot Analysis-5 million L␤T2 cells grown in 10-mm dishes were synchronized in low serum for 24 h before GnRH treatment as described. After Nonidet P-40 lysis (20 mM TrisHCl, 1% Nonidet P-40, NaCl) and centrifugation, 20 g/well supernatant was loaded onto 10% Tris-HCl ready gel (Bio-Rad) and electrophoresed for 1.5 h at 100 V. After transfer to H-Bond membrane (Hybond-TM ECL; Amersham Biosciences), blocking for 1 h with 5% nonfat dry milk (Bio-Rad) in TBST (Trisbuffered saline and 1% Tween 20) was followed by overnight incubation in primary antibody (1:000) at 4°C. Incubation with the secondary antibody (1:5000) coupled to peroxidase (Santa Cruz Biotechnology) was performed at room temperature for 45 min, followed by repeated washings with TBST. Immunoreactive proteins were visualized with enhanced chemiluminescence (Amersham Biosciences) according to the manufacturer's instructions. In each case, the blots were stripped and reprobed for the total protein or a control protein to control loading amounts. All immunoblots were quantified by densitometry.
Enzyme-linked Immunosorbent Assay-Doubly phosphorylated ERK (pERK) and total ERK assay kits (BIOSOURCE) were used according to the manufacturer's instructions. Briefly, the L␤T2 cells were grown in 6-well plates at 2.5 million cells/well and synchronized in low serum for 24 h. After treatment, cells were washed, lysed in cell extraction buffer (BIOSOURCE), boiled, and diluted (1:10) into assay buffer. Each sample was divided into two wells for assay of total and phospho-ERK.
Fluorescent Assay Sensitivity Determination-1.8 g/l Alexa-568 nm (Molecular Probes) was serially diluted 1:2 in Me 2 SO. A GSM-417 microarray printer (Affymetrix) was used to spot dilution replicates on aminosilane-coated slides (Corning). The array was imaged using the epifluorescent microscope and analyzed as described above. For testing assay sensitivity in cells, fixed gonadotropes were incubated in serial diluted solutions of DAPI for 5 min. The coverslips were imaged and analyzed as described above.
Mathematical Modeling-Statistical modeling used parameters obtained by fitting experimental data with two Gaussian curves using the curve-fitting toolbox of Matlab 7.0 (Mathworks), and the simulations were programmed in R. Stochastic modeling was coded in Fortran using Gillespie's algorithm (41, 42) . Network simulations using dynamic modeling were programmed in Matlab. Full descriptions of the modeling assumptions and equations are found in the supplemental material.
RESULTS

Average Gonadotrope Responses to Increasing Concentrations of GnRH Showed Graded Increases in the Activation of ERK and the Induction of egr1 mRNA and Egr1
Protein-We first characterized the average gonadotrope responses to GnRH in biochemical assays of large populations of L␤T2 gonadotrope cells. In order to eliminate response variability arising from differences in cell cycle, cells were synchronized by low serum. Cell cycle synchronization was confirmed using p21 immunohistochemistry and cell viability by trypan blue exclusion and by a two-color live/dead membrane integrity and esterase activity assay (supplemental Fig. 1 ). Immunoblot analysis for active pERK in synchronized gonadotropes exposed to GnRH showed that the activated form reached maximal levels within the first few minutes and remained stable for about 40 min (Fig. 1A) . Egr-1 protein was first detected after 30 min and continued to accumulate for the first 60 min after GnRH exposure. The induction of Egr1 protein paralleled the time course previously reported for the induction of egr1 mRNA (15) . In order to select the optimum time point to assay ERK, we determined the response to varying concentrations of GnRH over time and found that the level of pERK was stable from 5 to 30 min at all concentrations (supplemental Fig. 2) .
GnRH was found to induce a concentration-dependent increase in the average gonadotrope levels of pMEK (MAP kinase kinase), pERK, egr1 mRNA, and Egr1 protein (Fig. 1, B  and C) . The average responses determined by biochemical assays of large populations of cells could represent any of three different single-cell mechanisms: a graded (analog) model in which all cells show a similar concentration, a switch-like (dig-ital) mechanism in which individual cells show an all-or-none response, or a hybrid analog/digital mechanism that combines features of both the graded and binary model (Fig. 1D) . These mechanisms, which are all consistent with the biochemical results obtained, can only be distinguished by single-cell response assays. The activation of ERK involves two separate phosphorylation steps, and the levels of pERK depend on the effects of both kinase and phosphatase. Several mathematical models of the MAPK cascade suggest the theoretical importance of reversibility and product inhibition (43) (44) (45) . Bistability and hysteresis can occur for some ranges of values of the rate constants (45) . Hysteresis has been identified in cell cycle transitions in Xenopus oocytes (46) and in bacterial metabolism (47) . Because determining the presence of hysteresis is important for elucidating the underlying signaling mechanism, we investigated the gonadotrope response for hysteresis, which has not been tested experimentally in mammalian signaling networks.
Hysteresis is dependent on the history of the cells, in that the response of the L␤T2 cells to a second concentration of GnRH might depend on the initial concentration of GnRH to which the cells were exposed. If the MAPK cascade showed bistability and hysteresis, then the average levels of pERK would be expected to diverge for cells exposed to increasing versus decreasing concentrations of GnRH. We studied whether hysteresis was observed in the activation of ERK by GnRH. We first determined that the level of pERK following a 10-min pulse of 100 nM GnRH returned to base line after 30 -45 min (Fig. 2A) . The levels of pERK were stable for 40 min with continuous GnRH (Fig.  1A) . Therefore, we performed experiments in which L␤T2 cells were pretreated with either 0.1 or 100 nM GnRH for 10 min before exposure to a different concentration of GnRH. The results of these experiments demonstrated identical concentration-response curves with a Hill coefficient near unity, whether starting at low or high GnRH concentrations (Fig. 2, B-D) . Thus, we did not observe bistability or hysteresis in this response. Moreover, the observation of a low Hill value indicated that the average response was not ultrasensitive in these cells.
Responses in Single Cells following GnRH Stimulation Identified a
Hybrid Activation Model-In order to determine the type of single-cell response pattern occurring with varying concentration of GnRH, we quantified the activation of ERK and the induction of egr1 mRNA and Egr1 protein in single cells. To facilitate high throughput image analysis and eliminate subjectivity, we automated cell compartment segmentation using an enhanced three-dimensional watershed algorithm and modelbased object merging and subsequent signal quantification (supplemental Fig. 3) (32) . We validated the automated analysis system by comparing results obtained for the same experimental data using manual and automated methods, which showed a high correlation (supplemental Fig. 4A ). Using analysis of slides printed with varying fluorophore concentrations and cells labeled with different concentrations of a nuclear stain, we determined that the protocols utilized gave a reliable quantification of signal intensity (supplemental Fig. 4, B and C) . Histological assays for doubly phosphorylated ERK identified two types of cellular responses: an uninduced population with cells having a level of fluorescence comparable with unstimulated cells and an induced population of cells with increased levels of fluorescence (Fig. 3, A and B) . The number of pERKpositive cells gradually increased as the concentration of GnRH was increased (Fig. 3C) .
We also studied the induction of egr1 mRNA and the production of Egr1 protein at the single-cell level using fluorescent in situ hybridization (FISH; Fig. 4 ) and immunohistochemistry (supplemental Fig. 6 ). Specificity controls for FISH included competition by unlabeled probe, the use of a scrambled labeled probe, and RNase pretreatment, all of which eliminated detectable signals (supplemental Fig. 5 ). Immunostaining specificity controls included the use of a blocking peptide and inhibition of Egr1 induction by an ERK pathway inhibitor (supplemental Fig.  5 ). Our results showed that the single-cell pattern of induction of egr1 mRNA (Fig. 4) and Egr1 protein (supplemental Fig. 6 ) with varying concentration of GnRH paralleled that observed for pERK. An increasing proportion of cells expressing elevated levels of Egr1 expression were detected with increasing concentrations of GnRH.
Single-cell signal quantification showed that in addition to the increasing percentage of cells expressing elevated pERK with increasing concentrations of GnRH, the average response of activated cells also increased ( Fig. 5A and supplemental Table 1 ). Single-cell responses showed large cell-to-cell variation, especially in the induced population (Fig. 5A) . Similar hybrid response distributions were obtained for egr1 mRNA and Egr1 protein (Supplementary Fig. 7) . We parameterized the pERK response distributions using an empirical statistical model, representing a hybrid analog/digital model in which the cells transition from an inactive to an active state with increasing concentrations, and the average level of response in the active state also showed a graded increase with increasing concentrations (see Fig. 1D and supplemental information). Simulation with this model showed a reasonable correspondence with both average responses observed (data not shown) and with the single-cell response distributions obtained experimentally (Fig. 5B) .
Mathematical Modeling of Single-cell Responses to GnRHWe next developed a dynamic mechanistic model for this signaling pathway. In developing this model, we attempted to understand the basis for the graded average cell response to increasing GnRH, showing a Hill coefficient near unity, the hybrid single-cell response distributions, and the highly variable pERK levels found in single activated cells. Stochastic and dynamic models based solely on the ERK cascade were unable to explain both the gradual average single-cell responses shown in Fig. 2 and the switching from inactive to active states characteristic of the mixed analog/digital single-cell response data shown in Fig. 5 (supplemental Fig. 8 ). In view of the known structure of the gonadotrope signaling network in which several parallel kinase cascades are activated downstream of the GnRH receptor (13), we tested the hypothesis that the average and single-cell pERK response distributions observed resulted indirectly from the effects of intercellular variation in signaling components and the overall dynamics of the network.
The ERK cascade consists of three sequential kinases, MAP kinase kinase kinase, MEK, and ERK, and associated phosphatases. MAP kinase kinase kinase is probably activated by an additional upstream signaling component, represented by MK4 in our model, whose identity in the gonadotrope is not yet known (Fig. 6A) . The overall responses to GnRH receptor activation include induction of multiple parallel kinase cascades, including ERK, JNK, and p38 MAPK (13) . Consonant with these experimental observations of the signaling network in the gonadotrope, we included the proximal member of a second kinase cascade downstream of MK4, represented by S (Fig. 6A) . One potential mechanism for switch-like behavior is zero-order ultrasensitivity resulting from enzyme saturation, originally described by Goldbeter and Koshland (48) . Our experimental data showed that ultrasensitivity was not present in the dynamics of the ERK pathway itself. Therefore, we tested for the possibility that zero-order ultrasensitivity in the S pathway parallel to ERK could lead indirectly to thresholding the ERK pathway response and generate the hybrid pERK response pattern observed with increasing GnRH levels.
The simulation of this network model approximated the experimental results both at the single-cell and average cell levels (Fig. 6, B and C) . Under conditions showing intercellular concentration variations and zero order kinetics in this parallel pathway, S conversion into Sp showed switch-like behavior, providing an indirect threshold for the ERK pathway (supplemental Fig. 9 ). Below the dynamic threshold, MK4* was trapped in an MK4*-S intermediate, and only above the threshold concentration did the downstream ERK pathway elements begin to be activated. Although S had no direct feedback connections with components of the ERK pathway in this model, when the single-cell concentrations of all components were selected from Gaussian distributions, S provided an indirect thresholding of the ERK response via the network dynamics. Thus, this model can explain the hybrid behavior with a response pattern that approximates results obtained experimentally. This model also suggests a mechanism for cross-talk where other signaling inputs to the gonadotrope can affect thresholding of the GnRH receptor and GnRH response sensitivity (see "Discussion").
DISCUSSION
Since the timing of reproduction is important in the survival of a species, the brain-pituitary-gonadal mechanisms controlling reproductive competency are assumed to be under tight evolutionary constraints. Our study of the single pituitary gonadotrope responses to varying concentrations of the hypothalamic hormone GnRH provides insight into the engineering principles involved in the design of this locus of the regulatory system. We determined the single-cell levels of activation of ERK and the induction of egr1 mRNA and Egr1 protein, which is required for reproduction, with increasing concentrations of GnRH. We found that nuclear phosphorylated ERK as well as egr1 mRNA and protein induction by increasing concentrations of GnRH in the gonadotrope showed a hybrid activation pattern, combining a digital response threshold and an analog graded single-cell response.
At the population level, we found a gradual response to increasing levels of GnRH with a Hill coefficient close to unity and an absence of ultrasensitivity or hysteresis. The single-cell response data showed that the cells distributed among responding cells and cells that remained at base line, with the probability of activation and the mean response of activated cells increasing as the concentration of GnRH increased. Recent studies have investigated the patterns of single mammalian cell ERK activation and gene induction responses to graded stimuli, and the results have been interpreted as consistent with analog, digital and mixed responses, as reported in various experimental systems (28, 29, 31, 49, 50) . The automated histological approach utilized in the present study improves the accuracy of single-cell response experiments by facilitating large sample size studies (supplemental Fig. 4 ), which were needed to detect the underlying hybrid activation.
The signaling mechanisms underlying differences in the average cell and single-cell responses have not been well studied. The single-cell and average cell responses obtained in the gonadotrope could not be simulated using previously reported models of MAPK signaling. Various models of the phosphorylation and dephosphorylation of MAPK signaling cascades have been explored (27, 45, 51, 52) . Explicit modeling of the distributed two-step Tyr and Thr phosphorylation that occurs at each kinase in the cascade leads to a steep concentration-response curve that is not applicable to our experimental results (45, 51) (supplemental Fig. 8 ). Ferrell and Machleder (27) modeled experimental results showing switch-like single-cell and graded cell population responses. In contrast to the gonadotrope responses, which occur within minutes, Ferrell and Machleder (27) studied Xenopus oocyte responses to progesterone that occurred after many hours of exposure and may have involved biosynthetic regulatory loops. The divergence of single-cell and population responses in their model depends on postulating a unique single-cell distribution of rate constants (27) and does not explain the hybrid responses that we obtained in the gonadotrope.
Our model suggests that a parallel pathway indirectly gates the ERK cascade. The GnRH receptor leads to activation of three MAP kinase cascades in addition to ERK: JNK, p38 MAP kinase, and Big MAPK. The model that best simulated the experimental data, which included a second pathway gating the ERK pathway via zero-order ultrasensitivity, provided an interesting mechanism for cross-talk among different extracellular inputs to the gonadotrope. The exact identity of the MK4 substrate in the parallel pathway is not known. However, potential candidates include proteins containing MARCKS sites, such as diacylglycerol kinase , other kinases of the GnRH signaling network, such as kinases of the JNK pathway, or scaffold proteins involved in ERK regulation and regulated by upstream kinase activation, such as PEA-15 (phosphoprotein-enriched in astrocytes 15).
In coordinating reproduction, the gonadotrope integrates a variety of brain, paracrine, and endocrine signals that are potentially relevant to optimizing the timing of reproduction. Other extracellular inputs differ in their regulation of various MAPK cascades. For example, activation of insulin or insulinlike growth factor I receptors in the gonadotrope by insulin does not regulate ERK but does activate the kinase p70S6K, which is also activated by GnRH. 3 If p70S6K served as the gating pathway, this would provide a mechanism for other inputs, such as insulin levels as a reflection of nutritional status, to modulate the gating and sensitivity of the GnRH-regulated ERK-egr1 pathway driving reproduction. A fundamental question of signal transduction is how specificity is achieved with so many more receptor types than signaling pathways. Whereas the precise network mechanisms involved in ERK gating require further experimentation, the model we have developed suggests a novel network-based signaling cross-talk mechanism that functions in the absence of direct feedback loops.
The use of automated segmentation and signal quantitation facilitated performing many replicated experiments in a large number of cells. This experimental approach was necessary to resolve the hybrid response pattern in the presence of large levels of cell-to-cell variation. Synchronizing the cells and eliminating cell cycle variation did not reduce the levels of extrinsic noise in these experiments. The sources of these high levels of variability most likely resulted from intercellular variations in the levels of rate-determining signaling components. Protein kinase C isoform expression varies among primary gonadotropes (53) . In transfected cells, GnRH receptor number influences pERK nuclear translocation efficiency (54) . However, in L␤T2 cells, we find much less cell-to-cell variation in GnRH receptor mRNA as determined by FISH (data not shown) in comparison with the downstream responses assayed, which suggests that intercellular variation in receptor number may not be a major contributor to extrinsic response differences. The specific causes of the intercellular response variations have not yet been identified and may have multiple origins, including differences in cell geometry and differences in signaling protein concentrations.
It is interesting to speculate why this hybrid response mech-3 M. Fink and S. Sealfon, unpublished data. anism in the gonadotrope has evolved. The GnRH signaling system is unusual in being largely temporally encoded. GnRH is released by the brain in short roughly hourly pulses, and the pulse frequency is important in determining the biosynthetic responses (4, 5, (55) (56) (57) . Frequency encoding requires the gonadotrope to process each individual pulse. However, the levels of GnRH secreted by the hypothalamus are highly variable (3, (7) (8) (9) (10) (11) (12) . If a successful signaling event requires activation of a certain number of gonadotropes above a certain threshold level, then a hybrid response mechanism would decrease the rate of signaling failure from the brain to pituitary in the presence of the large variations in GnRH concentration that are observed experimentally. Simulation of the three types of response mechanisms (analog, digital, and hybrid) indicated that the hybrid design showed much lower failure rate with varying GnRH concentrations (see supplemental information). This study addressed the activation of ERK following GnRH stimulation in L␤T2 gonadotropes. It is not known if other MAPKs, such as p38 or JNK, would also exhibit a mixed analog/ digital response to graded GnRH increases or whether the hybrid response observed for ERK is specific for gonadotropes. Determining the distribution and mechanisms of single-cell responses in complex mammalian systems requires large sample sizes. The use of high throughput experiments and automated image analysis systems may help resolve the principles underlying mammalian signal transduction.
The signal-decoding systems of the gonadotrope must function reliably despite potentially high levels of cell-to-cell variation. The hybrid digital and analog response mechanism to varying GnRH stimuli appears to be designed to facilitate integration of multiple inputs to the gonadotrope and to optimize the detection of biosynthetic signals at this key reproductive locus.
